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Geckos can climb steadily and quickly on different surfaces under various environmental conditions. Extensive experiments have been
conducted using gecko toe, setal array, single seta and single spatula to explore the physical principles of gecko adhesion and friction. This work
focuses on the effect of environment (i.e. substrate materials and relative humidity [RH]) and experimental conditions (i.e. preload, sliding
velocity, and sliding direction) on gecko adhesion and friction through an isolated gecko setal array. Experimental results show that when sliding
a setal array in gripping direction, adhesion and friction can be enhanced by more than 200% by increasing surface energy, 60% by increasing
relative humidity, and only slightly by increasing sliding velocity; an appropriate preload increase can also cause an enhancement. When RH
440%, adhesion and friction become saturated, and higher sliding velocity and preload can realize the saturation at a lower RH. When a preload
is oversized in gripping direction or when sliding a setal array against substrates in releasing direction, the setal array deforms severely and
always exhibits a preload-dominated repulsion. A strong anisotropic property is revealed when sliding a setal array in gripping and releasing
direction. These results help understand the remarkable abilities of gecko swiftly controlling strong attachment and easy detachment, which
inspire the design and fabrication of gecko-inspired reversible dry adhesives.
& 2015 Southwest Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Gecko is well-known for its extraordinary climbing ability on
walls and ceilings without contaminated dirt, and can naturally
walk on various types of substrates, which has attracted much
research attention [1–5]. Different models have been proposed
regarding the adhesion mechanism of gecko, including interlock-
ing of the claws on gecko toes, electrostatic attraction, vacuum
suction, capillary force, and van der Waals interaction [6–9]. The
ﬁne hierarchical structures of gecko toe have been revealed via
high-resolution imaging using scanning electron microscope/10.1016/j.bsbt.2015.02.002
15 Southwest Jiaotong University. Production and hosting by Else
mmons.org/licenses/by-nc-nd/4.0/).
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nder responsibility of Southwest Jiaotong University.(SEM), and the setal lamellar was found to comprise thousands
of setae that are inclined toward the terminal of the toe, as shown
in Fig. 1. A single seta is approximately 100 μm long, 4–6 μm in
diameter, and has a broom-like structure with 100–1000 spatulae
at the end [10–11]. The hierarchical structures of gecko toe
together with its unique locomotion are widely accepted to play a
critical role in the extraordinary climbing ability of gecko [9,12].
Previous studies have shown that the van der Waals
interaction and capillary force are the dominant interactions
contributing to the gecko adhesion and friction [6–8]. Autumn
et al. have found that a gecko seta shows similar adhesion
against hydrophobic (Si) and hydrophilic (SiO2) surfaces,
which demonstrates that van der Waals interaction inﬂuences
adhesion more signiﬁcantly than capillary force [8]. However,
Sun et al. [6] and Huber et al. [7] have conducted experimentsvier B.V. This is an open access article under the CC BY-NC-ND license
Fig. 1. Hierarchical gecko surface structures: (a) Gecko body, (b) Gecko toe with a lamellae structure, (c) Isolated gecko setal array, (d) Setae with a branch-like
structure, (e) Terminal structure with spatula.
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butes to gecko adhesion. Pesika et al. have found that water
affects the adhesion of setal array by changing the Hamaker
constant [13]. Prowse et al. have found that moisture helps
soften a gecko seta and enlarge the actual contact area [14].
Puthoff et al. found an enhancement of gecko adhesion in a
more humid ambient but the improvement was similar on both
hydrophobic and hydrophilic substrates [15]. So it is widely
accepted that van der Waals interaction governs gecko adhe-
sion and friction [4]. Zhao et al. have showed anisotropic
adhesion and friction behaviors when sliding a setal array in
the gripping and releasing directions, and the effect of preload
was also reported [16]. Gravish et al. have showed that
increasing the sliding velocity enhances both adhesion and
friction of a gecko setae [17]. Puthoff et al. have investigated
the coupling effects of relative humidity (RH) and sliding
velocity on the adhesion and friction of gecko setal array [18].
Niewiarowski et al. revealed coupling effects of humidity and
temperature on clinging capacities of gecko [19]. Using a
gecko individual, Stark et al. found that surface water and
wetting of gecko toe inﬂuenced gecko performance signiﬁ-
cantly [20,21].
Besides experimental researches, theoretical models have
been developed based on the contact mechanics models such
as Johnson–Kendall–Roberts (JKR) model [22] or the Dera-
guin–Muller–Toporov (DMT) model [23] to describe the
attachment and detachment behaviors of gecko [8,24,25].
However, the geometry of a spatula could not be simply
considered as a sphere. Considering the setal geometry, peel
angle, and mechanical property of a substrate, some improved
models have been developed based on the Kendall model [26].Autumn et al. have proposed a “frictional adhesion” model
based on the locomotion of gecko toe and experimental test
results [27]. Considering the spatula-shaped terminal, Tian
et al. have developed a peel-zone model and revealed the
governing mechanism attributing to the strong attachment and
easy detachment of gecko seta [28]. A two-level spring model
has also been proposed to show the correlation between seta
deformation and adhesion [29]. Extensive gecko-inspired
patterned surfaces and adhesives have been fabricated based
on the aforementioned experimental and theoretical results,
and the adhesion and friction performances of some of these
artiﬁcial adhesives could exceed that of a gecko setae in some
aspects [30–35]. Nevertheless, none of the gecko-inspired
artiﬁcial adhesives reported could achieve controllable and
reversible (strong) attachment and (easy) detachment abilities
as a gecko did [5,36]. One important reason is that the physical
mechanism accounting for ﬂexibly switching on and off of the
strong adhesion and friction of a gecko is still not fully
understood. And experiments considering diverse gecko habi-
tats together with complicated gecko locomotion systemati-
cally have rarely been conducted.
As gecko motion in nature is system engineering, we divide
factors in this system that inﬂuence gecko locomotion into two
parts: active factors that gecko can regulate by its movement
such as preload, shearing direction, shear velocity, etc.; passive
factors that gecko cannot change such as surface energy, RH,
etc. In this study, we focus on the effects of passive factors (i.e.
RH and substrates) and active factors (i.e. preload, sliding
velocity, and sliding direction) on the adhesion and friction
behaviors of setal arrays, and coupling between factors are also
investigated. The results could provide more insights into the
Fig. 3. Typical curves of normal and lateral forces of an isolated gecko setal
array during forward and backward sliding cycles. The insert images illustrate
the deformation of the setal array during sliding, while the white arrows
indicate the moving direction of the setal array (preload 13.51 kPa, sliding
velocity 0.1 mm/s, single sliding distance 1.5 mm, and relative humidity 40%).
Table 1





Surface energy in high
vacuum (mJ/m2)
Glass 35 2.8 438
Al2O3 65 2.3 2774
Mica 12 o1 4500
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as well as the design and application of gecko-inspired artiﬁcial
adhesives.
2. Experimental methods
The adhesion and friction tests were conducted on a self-
made apparatus, as shown in Fig. 2. Basically, two motors
were mounted horizontally and vertically to control the loading
and sliding motions, respectively. Two displacement sensors
combined with spring cantilevers were used to measure the
normal and lateral forces, as shown in Fig. 2b. The apparatus
was placed inside an environmental chamber with controllable
RH. The setal arrays used in the tests were acquired from an
healthy alive Tokay gecko (Gekko Gecko) based on a method
reported previously [9]. The setal array was divided into small
pieces, to eliminate the variance of installing samples, we
selected a sample with ﬁne shape sized 0:3 0:37 mm2, and
then glued to the end of a vertical cantilever using a DP420
AB glue (3M production) [37]. The same sample was used
through this experiment. A desired substrate was glued at the
end of the horizontal cantilever, opposing the gecko setal array
for adhesion and friction tests. An angular adjusting stage was
utilized to control the alignment of the substrate and setal
array. The deformation of setal array during the adhesion and
friction tests was captured using a high-speed charge coupled
device (CCD).
Fig. 3 displays the typical experimental results of normal
force Fn and lateral force Fl as a function of time when sliding
of the setal array against an Al2O3 substrate. We normalized
the normal and lateral forces by the apparent sample size so as
to compare the results with other samples. Thus, the unit of
force in this experiment is kPa. According to the inclined setae
direction, the upward motion of the vertical motor is denoted
as gripping direction (Vþ ), whereas the opposite direction is
denoted as the releasing direction (V). A typical test includes
several cycles of forward and backward sliding, and the
associated normal and lateral forces could be recorded in real
time during the test. The mean values of the normal forces
associated with the sliding in gripping and releasing directions
in the testing cycles were recorded as FnV þ and FnV  ,
respectively, and the associated lateral forces were denoted as
F1V þ and F1V  , respectively. In this experiment, samplingFig. 2. Experimental apparatus: (a) Sketch of the apparatus: 1, 2 motors; 3, 4 guid
part (as shown in [b] in detail); 9 environmental chamber, (b) Key parts of the appararate was 100 and about 1500 sampling points were selected to
get the mean values of Fn and Fl. Fluctuation of data was
mainly caused by background and conﬁguration of setae, and,
standard deviation of Fn/Fl were 2.55 kPa/9.65 kPa in Vþ ,
2.96 kPa/6.93 kPa in V . A desired preload L0 (normal
compressive force) was applied before test. In this study,
normal forces with the same sign as the preload were denoted
as repulsive forces, while the forces with the opposite sign as
the preload were denoted as adhesive forces.
Glass, Al2O3, and mica were used as substrates to investi-
gate the inﬂuence of substrate materials on the adhesive and
frictional behaviors of a setal array. The surface parameters
of the three substrates are listed in Table 1. And in high
vacuum, surface energies of the three substrates have the
following relationship, mica4Al2O34glass. When carryinge stage; 5 angular adjustment part; 6, 7 spring cantilever; 8 force measurement
tus, (c) Operation mode of the samples (isolated gecko setal arrays) in the tests.
Fig. 4. Effects of substrates on normal and lateral forces of a gecko setal array
at different preloads during sliding in Vþ . (a) Normal force; (b) lateral force;
and (c) friction coefﬁcient (sliding velocity 0.1 mm/s, single sliding distance
1.5 mm, and relative humidity 40%).
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atmospheric environment, those substrates should have similar
relationship. However, the variation of surface energy of the
three substrates under air condition compared with that in high
vacuum should be not equal due to inﬂuences of absorbate,
roughness etc, and, it is difﬁcult to measure surface energy
accurately. So in this test, we just considered surface energy
qualitatively. Then the effects RH together with preload,
sliding direction and sliding velocity during sliding of setal
array against glass substrate were investigated.
3. Results and discussions
3.1. Effects of substrate materials
Fig. 4 shows the effects of substrates on the normal and
lateral forces associated with the sliding test of a gecko setal
array under different preloads L0 in the gripping direction Vþ .
The normal force FnV þ changes from adhesive to repulsive
with increasing the preload, as shown in Fig. 4a. When sliding
the setal array in Vþ under a small preload, the hierarchical
structure is well combed and the compliance of the setal array is
improved shown in the left insert of Fig. 4a, which induces in a
close contact of the substrate and setal array [14], and, in turn
enlarges peel zone and generates more van der Waals attractive
forces. By slightly increasing the preload, the number of
spatulae in contact with the substrate increases, thus, augment-
ing adhesion [16]. In this process, lateral force (friction) is
adhesion-dependent, thus, friction increases sharply along with
the increase of preload, as shown in Fig. 4b. However, adhesion
decreases when preload L0417 kPa, and adhesion becomes
repulsion when L0450 kPa for all the substrates. The adhesion
measured in the tests is based on the competition between the
van der Waals attraction in peel zone and elastic restoring force
of setal array. When the preload L0 is out of range, the setae are
pressed against the substrate drastically shown in the right
inserted image of Fig. 4a, and have a tendency to restore
original shape, and some repulsive forces are generated in the
interface, thus, somehow offsetting adhesion until adhesion is
eliminated. As adhesion weakened, the origin of friction
changes from adhesion to repulsion.
The mica substrate withstands the largest preload more than
the Al2O3 and glass substrates before adhesion vanished,
which is consistent with the surface energy of these substrates.
Thus, mica4Al2O34glass. Compared with those of the glass
substrate, the adhesion and friction of the mica substrate are
improved by more than 200%, respectively, during the sliding
of the setal array in Vþ . A surface of higher surface energy
would be more preferred by the gecko to secure higher
adhesion and friction for attachment and climbing over a
wider range of preload. Under a proper preload, adhesion has a
positive correlation with surface energy, as described in the
JKR model [22] and as revealed in the following equation:
Fad ¼ 3πγRs=2; ð1Þ
where γ is the interface energy of the substrate and spatula
surface, and is proportional to the surface energy; and Rs is thecontact radius of the spatula. Here, this model only reveals
relationship between adhesion and surface energy. When
overloaded, adhesion is negligible and the normal forces
become repulsion and preload-dependent, and the three sub-
strates have similar slopes shown in Fig. 4a. Fig. 4c reveals
the relationship between a normal force and a lateral force.
Under a small preload, the normal force is adhesion and can be
Fig. 5. Effects of substrate on the normal and lateral forces of a gecko setal
array sliding at different preloads in V . (a) Normal force; (b) lateral force; and
(c) friction coefﬁcient (sliding velocity 0.1 mm/s, single sliding distance
1.5 mm, and relative humidity 40%).
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negative and reduces when preload increases. When the
preload is enlarged enough, adhesion is weakened and normal
forces become repulsion eventually, thus, the friction coefﬁ-
cient sign changes. However, the results with mica were
slightly different, and the sign changes under a higher preload,
which may be caused by the high surface energy. With regard
to all the substrates, friction is almost ﬁve times larger than
adhesion, which can contribute to reveal the phenomenon of a
gecko preferring to climb walls than ceilings [28].
When sliding in V, the setae are compressed severely
against the substrate, as shown by the right inserted image in
Fig. 3. In addition, the normal force is always repulsive and
has a linear relationship with the preload, which is similar to
the lateral force regardless of the substrate materials, as shown
in Fig. 5a and b. Friction of setal array exhibits a bulk material
property, which denotes a constant friction coefﬁcient. The
friction coefﬁcient in this experiment ranges between 0.5 and
0.7, and the variance may be induced by these substrate
materials. Zhao et al. obtained a 0.25 friction coefﬁcient when
sliding setal array against a polymeric substrate in releasing
direction in surface force apparatus (SFA) [16]. This discre-
pancy of friction coefﬁcient may be induced by substrate
materials and differences among gecko individuals [37]. The
adhesion and friction during the sliding of the setal array in Vþ
are larger than those in V, showing a strong anisotropic
property. This anisotropic property of adhesion and friction is
essential to geckos when climbing walls or ceilings, which
enable the strong attachment and easy detachment of geckos
[16,28].
3.2. Effects of ambient RH
Figs. 6 and 7 show the effects of RH on the adhesion and
friction of a gecko setal array under different preloads and sliding
velocities during sliding the setal array against a glass substrate.
When sliding in Vþ under a small preload 17.12 kPa, the
adhesion of a setal array improves by almost 60% as RH
increases, and adhesion tends to remain stable when RH
440%, as shown in Fig. 6a. Similar experimental results were
acquired by Pesika et al. using spatula pads, and this phenomenon
was ascribed to the change in the conformation of surface
proteins (β-keratin) [13,18]. When a setal array is placed in a
humid ambient environment, the water ﬁlm will be absorbed on
the surface. The existing of water can soften the seta material,
thus actual contact area between the setal array and the substrate
can expand, and, higher adhesion can be obtained [15].
However, when increasing preload to 21.41 kPa or
34.32 kPa, this enhancement of adhesion weakens or even
eliminates. Under a small preload, the friction force is
adhesion-dominated, thus, an increase of RH can improve
friction. When the adhesion is weakened by a larger preload,
the inﬂuence of RH on friction becomes smaller shown in
Fig. 6b. Regardless of the van der Waals interaction or
capillary force that dominates the setal array adhesion, it is
negligible compared with the drastic normal repulsion. Hence,
the normal force is repulsive and is RH-independent whenpreload is larger than 34.32 kPa (Fig. 6a) or when sliding in
V (Fig. 6c). The friction in V is smaller than that in Vþ but
has some ﬂuctuations (Fig. 6d).
Generally, the real contact area can expand by increasing the
contact time, thus, static friction is stronger than kinetic friction,
so increasing the sliding velocity decreases adhesion and friction,
which causes a climbing gecko to fall [27,40]. Nevertheless,
Fig. 6. Effects of humidity on the normal and lateral forces of a gecko setal array when sliding under different preloads. (a) Normal force in Vþ ; (b) lateral force in
Vþ ; (c) normal force in V; and (d) lateral force in V (sliding velocity 0.12 mm/s and single sliding distance 2.4 mm).
D. Tao et al. / Biosurface and Biotribology 1 (2015) 42–49 47when sliding a setal array in Vþ , a higher sliding velocity induces
larger adhesion and friction (Fig. 7a and b). This phenomenon
supports the hypothesis that capillary force contributes less to
gecko adhesion than van der Waals interaction, since that a water
layer-generating capillary force in the interface needs time to
form, a higher sliding velocity means lower adhesion [17]. The
discrepancy of both adhesion and friction at different sliding
velocities is minimized when RH 440%. In addition, a higher
sliding velocity can eliminate the enhancement function of RH,
namely, adhesion and friction are RH-independent at higher
sliding velocity, which is consistent with the experimental results
of Puthoff [18]. When sliding in V , a normal force becomes
repulsion and slightly changes with RH (Fig. 7c). The effect of
sliding velocity is much similar to that in Vþ . However, friction
force ﬂuctuates more intricately (Fig. 7d). When sliding a setal
array in Vþ , both adhesion and friction show tendency of
saturation as RH increases, and higher preload and sliding
velocity can hasten the saturation.
Geckos can naturally climb on a wide range of surfaces, which
means that geckos should have the ability to adjust to various
situations. When a strong attachment is required, a gecko slides
its toes in gripping direction, enlarges the preload on its setae
within a proper range, and changes its sliding velocity. By
contrast, a gecko slides its toes in releasing direction when easydetachment is required. When a gecko encounters a surface with
a higher surface energy or a more humid ambient environment,
the gecko enjoys climbing more ﬂexibly. This discovery of the
elaborate adhesion and friction control of a gecko can beneﬁt the
design and application of gecko-inspired reversible dry adhesives.4. Conclusions
The inﬂuences of passive factors (i.e. RH, substrates) and active
factors (i.e. preload, sliding velocity, and sliding direction) on the
adhesion and friction of an isolated gecko setal array are
investigated in this study. And coupling between factors are also
revealed. The experimental results are summarized as follows:(1) When sliding the setal array against substrates in Vþ under a
normal load, adhesion and friction can enhance by more than
200% when changing substrate materials from glass to mica.
The preload threshold values of the three substrates, where
adhesion becomes repulsion, have the following relationship:
mica4Al2O34glass. When the setal array is overloaded, the
interactions between the setal array and the substrate become
severe, and the normal force that exists in the interface changes
from adhesion to repulsion regardless of the surface energy.
Fig. 7. Effects of humidity on the normal and lateral forces of a gecko setal array at different sliding velocities. (a) Normal force in Vþ ; (b) lateral force in Vþ ;
(c) normal force in V; and (d) lateral force in V (preload is 17.12 kPa and single sliding distance is 2.4 mm).
D. Tao et al. / Biosurface and Biotribology 1 (2015) 42–4948(2) When sliding against glass in Vþ in a humid ambient
environment, both adhesion and friction of the setal array
can enhance by about 60%. However, this enhancement of
adhesion weakens or even eliminates when the preload is
oversized. Once RH 440%, adhesion and friction satu-
rated; a higher sliding velocity can help achieve this
saturation at a lower RH.(3) When sliding in V, the normal force is always repulsive
and is preload-dominated. The friction coefﬁcient changes
slightly when sliding on different substrates and humidity
further complicates the friction process.Acknowledgments
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